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Membrane-assisted micro-solid phase extraction (μ-SPE) is a recently introduced sample preparation 
technique that integrates microextraction paradigms and membrane microfiltration with solid phase 
extraction. It involved no more than a two-step workflow and enabled concurrent analyte extraction, 
sample clean up and enrichment. It is well suited for analyses of environmental water samples 
 
μ-SPE of selected psycho-active pharmaceuticals and analgesics was examined to gain insights into 
sorbent designs and selection criteria that could enhance key parameters of μ-SPE namely; enrichment 
factors (EF) and relative recovery (Rr), beyond what can be achieved using octadecyl silica gel sorbents 
(ODS). Accordingly, replacement of octadecyl brushes on ODS with strategically selected molecular 
motifs was adopted in this work for μ-SPE of analytes such as the quaternary salt of Amitriptyline (Ami), 
Carbamazepine (Cbz), Ketoprofen (Ket) and Diclofenac (Dfn).  
 
This dissertation begins with a review of scientific literature detailing the development and recent 
applications of μ-SPE (Chapter 1), followed by an overview of the rational behind the approach used to 
achieve the thesis objectives (Chapter 2). The methods, including experimental techniques, materials 
and chemicals are detailed in chapter 3. 
 
In Chapter 4, it is demonstrated that higher EF during μ-SPE from spiked water samples, can be 
achieved by replacing octadecyl brushes on silica gel sorbent surfaces with the polar motifs; -(CH2)3NH2 
(for APS), -(CH2)3NHC(O)NH2 (for UPS) and -(CH2)3N+(CH3)2(CH2)3SO3- (for ZIPS). This was ascribed 
to increased interaction between the donor phase and acceptor phase, and to better-matched polarity 
between sorbent surfaces and extracted analytes during μ-SPE. 
 
Summary'
ZIPS sorbents are noted in this work, for its high Rr during μ-SPE unlike APS and UPS that were 
accompanied by only moderate Rr. The recently reported, repellant nature of zwitterion decorated silica 
surfaces towards random sorption of surface-active, oligomeric and polymeric species, was suggested 
as a possible reason for the observed improvement in μ-SPE performance. It is conceivable, that humic 
and fulvic acids which are also oligomeric, surface-active substances would compete less effectively with 
analytes for such surfaces. This possibly resulted in ZIPS, being able to achieve both high EF and Rr 
during μ-SPE. Such sorbents are therefore, promising platforms for assembling sorbents for solid phase 
extractions of environmental water samples and may be explored further in future studies. '




























CHAPTER 1: INTRODUCTION 




It is crucial that environmental freshwater sources such as lakes, rivers and groundwater be regularly 
monitored [1-3] for the presence of pollutants, because they are sources of drinking water in many 
countries and their integrity, is extremely important for the maintenance of environmental and public 
health.  
 
In recent years, this endeavor has become more challenging because the very same freshwater 
sources, have increasingly replaced the open sea as receiving basins for effluent streams from municipal 
wastewater treatment plants. This is the ironical result of contemporary freshwater conservation and 
recycling efforts [4, 5], and has resulted in the contamination of freshwater sources with organic 
compounds (Fig 1-1) that are poorly removed at wastewater treatment plants [1,6-9]. A number of these 
compounds have been detected at concentration levels on the order of μg/L in several environmental 
water samples. Although they are unlikely to present risks of acute toxicity with some exceptions, the 
possibility of chronic toxicity arising from prolonged exposure remains a cause of concern, resulting in 
their classification as emerging contaminants [10, 11]. 
 
Several of the compounds listed in Fig 1-1 have non-coincidentally, been identified as contemporary 
targets for research efforts in environmental analytical chemistry [12]. Among these, commonly 
prescribed pharmaceutically active ingredients (PAI) have attracted much attention because of their 


































Fig 1-1.  W
idely reported organic pollutants in the freshwater environm
ents (Com
piled from
 refs [1, 6-9]) 
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PAI are typically organic molecules of medium to high polarity and of low volatility [4, 5]. Apart from 
accounting for their poor removals at wastewater treatment plants, this particular physicochemical 
characteristic indicated that analyses of environmental water samples for the presence such compounds 






















Fig 1-2. Work-flow in typical sample preparation and its placement in an analytical 
measurement process. 
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Direct extraction of PAI, most of which are polar or hydrophilic from their aqueous solutions can be highly 
challenging due to the lack of suitable extractants that is complicated further, by the presence of matrix 
components such as humic and fulvic acids [14,15]. Also, extensive pre-concentration will be required 
because of their low concentration in such matrices. Further more, unless extracted analytes are 
converted into volatile chemical derivatives1 [16], the low-volatility of these compounds meant that final 
analyses will involve LC or CE systems, thereby requiring samples to be constituted in solvents 
compatible with these analytical systems prior to actual analysis. 
 
1.2 CONVENTIONAL METHODS OF PREPARING ENVIRONMENTAL WATER SAMPLES FOR PAI 
ANALYSIS 
 
Solid phase extraction (SPE) using Oasis HLB® sorbents remains the conventional strategy of preparing 
environmental water samples for PAI analyses [1, 8, 11, 17, 18] as attested to by the number of related 
publications [19].  
 
In SPE, sorbent beds are fabricated and immobilized within syringe barrels, or in the form of disk 
catridges [20] by pressurized packing of porous, powdered sorbents using proprietary packing and 
compression technologies [21]. PAI were extracted directly onto sorbent pores as water samples were 
drawn through the sorbent bed by vacuum suction. The extracted PAI were generally eluted from the 
sorbent bed using solvents e.g. methanol, that are volatile, water miscible and of high eulotropic 
strength. The resulting eluent was pre-concentrated by evaporating to dryness with a dry N2 gas stream, 
followed by re-constitution in a minimal volume of solvent. The resulting concentrate may thence be 
introduced into an LC or CE system for measurement. 
""""""""""""""""""""""""""""""""""""""""""""""""""""""""1 Although this last requirement can be circumvented with chemical derivatization, the extra step incurred coupled with its 
complexity meant that this is a measure that most analysts tended to avoid [16]  "
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The requisite Oasis HLB sorbents [22] consisted of macro-recticular co-polymers of divinylbenzene 
(DVB) and N-vinylpyrrolidone (NVP) (figure 1-3). Judicious control of DVB and NVP proportions during 
preparation, enabled these sorbents to possess interfacial energies that are closely matched with those 
of PAI and other polar analytes, whilst remaining resistant to flooding but yet possessing adequate 
‘wettability’ [23] for effective extraction to occur. Hence, these polymeric sorbents may be loosely 












SPE can be fully automated and even integrated with LC systems that are hyphenated with mass 
spectrometer detectors (LC-MS) including triple quadrupole mass analyzers. These fully integrated 
systems are definitely capable of handling the commonly encountered PAI concentrations in 
environmental water samples that are in the order of ng/L to μg/L levels [11, 24-27]. 
 
However, the use of these fully integrated systems incurs additional costs that are definitely not trivial. 
Also, the technique as a whole had a few inherent drawbacks. Most notably, for extraction from 
environmental water samples, clogging of sorbent bed by particulate matter can adversely impact 
Fig 1-3. Molecular structures of divinylbenzene isomers (I and II) and N-
vinylpyrrolidone monomers (III) 
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technique precision because of interrupted sample flow under these circumstances. The development of 
porous membrane protected SPE disks addressed this particular challenge by providing concurrent 
microfiltration of samples during extraction. This protected the sorbent bed to a certain extent by 
















Also, disk based SPE involved cross-flow filtration mechanisms (figure 1-5, [29]) that unlike the dead-end 
filtration mechanisms of the more widely used syringe barrel SPE, was less likely to generate 
























Membrane protected SPE disks in the form of Polar Organic Chemical Integrative Sampler (POCIS), 
whereby selected sorbents were sandwiched between polyethersulfone microfiltration membrane sheets 
(figure 1-6, Huckins et al [31, 32]), have been highly popular for passive sampling cum extraction of polar 











Fig 1-5. Schematic illustration of (a) dead-end filtration and (b) crossflow filtration. 
Reproduced with permission from [29] 












POCIS devices that are specific for PAI extraction employed Oasis HLB™ as sorbents. Other 
developments included devices such as Chemcatcher [33] and Empore disk [34] that employed C18-
silica gel sorbents. Despite being lipophilic sorbents, C18-silica gel has been reported to be capable of 
extracting polar organic compounds through mixed mode interactions [35]. Nevertheless, they differed 
from POCIS mainly in terms of device design and sorbent selection rather than operational principle. 
 
However, their use in conjunction with grab sampling remains limited compared to conventional syringe 
barrel SPE. This is because the latter remains more amenable to high-throughput formats. Also, because 
of the substantial amounts of sorbents involved, membrane protected SPE disks were not absolved from 
other notable drawbacks of SPE such as its multi-step workflow and high costs of disposable sorbent 
materials [36]. The need for washing of sorbent beds prior to elution with aqueous organic solvents 





Fig 1-6. Schematic illustration of a POCIS device. Reproduced with permission 
from [32] 
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3 MEMBRANE PROTECTED MICROEXTRACTION 
 
The introduction of microextraction paradigms in the 1990s [38-41], addressed the need for 
miniaturization and also the need for minimizing solvent usage in conventional analytical extraction 
procedures such as SPE and classical liquid liquid extraction (LLE). 
 
Microextraction techniques are characterized by the extraction of analytes from a given donor phase, into 
a minuscule volume of a selected acceptor phase. This enabled concurrent occurrence of analyte 
extraction and pre-concentration [42]. Incorporating a microfiltration membrane at the interface of both 
phases, enabled sample clean up to occur concurrently with microextraction. Therefore, single-step 
sample procedures that integrated the once discrete component steps of clean-up, extraction and pre-
concentration could be realized with these membrane-protected microextraction (MPME) techniques 
[43]. 
 
The incorporation of MPME paradigms into classical LLE have been well-established, culminating in the 
development of highly popular techniques such as hollow fiber membrane supported liquid phase 
microextraction (HF-LPME) and other related developments [40] including semi-automated formats [39, 
45-47] that have been employed for PAI extractions [40, 46-48] from various aqueous matrices. 
 
However, analogous developments in SPE have been relatively slow despite the advantages offered by 
SPE for PAI extraction that included the possibility of direct extraction, infinite partitioning of analytes 
towards the acceptor phase and the potential to present interfacial forces that are closely matched with 
those of PAI analytes. 
 
SPE and related techniques that have incorporated MPME paradigms are generally referred to as 
membrane protected micro solid phase extraction because analytes extracted by the acceptor phase, 
Chapter 1: Introduction 
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have to be eluted with a small volume of organic solvent e.g. methanol to give a concentrated solution 
before being introduced into the selected analytical system [49]. These techniques are very useful for 
thermally labile and non-volatile compounds that in the absence of chemical derivatization, mandated 
analysis by liquid chromatography (LC) or capillary electrophoresis (CE). They are exemplified by the 
techniques of mixed matrix (hollow-fiber) membrane micro-solid phase extraction pioneered by Mitra’s 
group [50-60], and microporous membrane-protected micro solid phase extraction (μ-SPE) pioneered by 
Lee’s group [61-66, 71-73, 75] and other similar techniques. 
 
1.4 μ-SPE IN PERSPECTIVE 
 
For analyzing environmental water samples for the presence of PAI and several other emerging 
contaminants, the use of μ-SPE is merited by its suitability in analytical measurement processes 
involving off-line detection, the ease of multiple loci deployment within a given sampling zone, and the 
possibility of single usage devices if desired. 
 
μ-SPE makes use of edge-sealed envelopes (typical dimensions: 1cm by 0.8cm, Fig 1-7), fabricated in-
house from commercially available flat sheet membranes made of microporous polypropylene, as 
























A typical procedure for preparing devices involved cutting a piece of commercial microporous, 
polypropylene sheet membrane into rectangular sheets with typical dimensions of c.a. 2cm by 0.8cm. 
The longer edge was folded over to a width of 1cm. The edge of the fold-over flap was heat-sealed with 
an electrical sealer. One of the two remaining open ends was similarly heat-sealed to create an 
envelope. A given mass of selected sorbent was packed into each envelope with a micro-spatula via the 
last open end that was then heat-sealed to afford a μ-SPE device. 
 
Extraction generally occurred when individual devices were allowed to tumble freely within sample 





Fig 1-7. Loose, powdered sorbents enclosed within membrane pouches as μ-SPE 
devices. 















Target analytes permeated the microporous membranes and were extracted onto sorbent surfaces. 
Elution of extracted analytes from recovered devices with micro-litres of organic solvent afforded the 







































Fig 1-9. Pre-concentration of analytes during μ-SPE 
Chapter 1: Introduction 
 15"
Method performance during μ-SPE may be evaluated by analyte enrichment factors (EF) as well as 
relative recovery (Rr).  
 






CE, final refers to the concentration of analyte finally present in the extract (i.e. eluted from the μ-SPE 
device into the methanol eluent). Cs, initial, refers to the concentration of analyte originally present in the 
sample. 
 
EF indicates the number of times an analyte has been pre-concentrated during sample preparation and 
is closely related to how well analytes in spiked water samples can be “captured” by the sorbents 
(acceptor phase) during μ-SPE. 
 






CE refers to the final concentration of a given analyte that can be successfully extracted from spiked 
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CW is the final concentration of the same analyte that can be successfully extracted using μ-SPE, and 
transferred into the same volume of methanol for LC analysis, but from environmental water samples 
spiked with the same analyte to a similar concentration. 
 
Therefore, Rr is a measure of how well matrix effects can be minimized or excluded during μ-SPE. 
Conceivably, Rr is determined by how well sorbents “capture” analytes from their matrices and/or in an 
alternative scenario, how well sorbents can “capture” analytes whilst excluding matrix components from 
their surfaces. 
 
Accordingly, the proper choice of sorbents, is an important determinant of μ-SPE method performance.  
 
1.5 SORBENT SELECTION IN μ-SPE: LITERATURE REVIEW 
 
The early studies of μ-SPE that involved mainly Basheer et al [61-66], employed systematic selection 
strategies where commercially available sorbents that differed in polarity, were surveyed for their ability 
to extract target analytes from samples. 
 
Sorbents such as C18-silica gel, C2-silica gel, HayeSep A and B, multi-walled carbon nanotubes 
(MWCNT) and carbograph were commonly involved in these studies and covered a range of polarities 
with C18-silica gel described as hydrophobic, HayeSep B as highly polar and the remaining sorbents 
being of intermediate polarity between the two. 
 
In the first reported instance of μ-SPE [61], Basheer et al eventually extracted organophosphorus 
pesticides (OPP) from sewage water for GC-MS analyses using a sealed membrane envelope, 
containing multi-walled carbon nanotubes (MWCNT).  They proposed that extraction occurred through 
sorption of OPP molecules onto MWCNT surfaces, mediated by π-π interactions. This seminary work 
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was followed by a separate report [62] that explored the μ-SPE of ketoprofen and ibuprofen, both acidic 
analgesics, using MWCNT and several other commercially available sorbents such as C18-silica gel, 
C2-silica gel, HayeSep A, HayeSep B and Carbograph. C18-silica gel was noted for giving the highest 















Several workers working on alternative designs for μ-SPE, adopted similar sorbent selection strategies. 
See et al [67] reported on the technique of solid phase membrane-tip extraction where cone-shaped 
membrane cups containing selected sorbents were manually inserted, and physically immobilized into 
the end of a micropipette tip. Extraction occurred following repeated uptake and release of sample 
solution into the micropipette tip and was amendable to semi-automation. This technique was eventually 
used for the extraction of triazine herbicides from environmental water samples using MWCNT sorbents.  
 
Fig 1-10. μ-SPE of ketoprofen and ibuprofen with commercially available sorbents as reported by 
Basheer et al [62]. (C2 and C18 denoted ethyl- and octadecyl grafted silica gel respectively). 
Reproduced with permission from [62] 
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In a separate report, Al-Hadithi et al [68] had several surface modified silica gel sorbents, individually 
and physically entrapped within the lumen of individual, microporous (average pore radii of 0.2μm) 
polypropylene hollow fiber membranes. The resulting technique of solid bar microextraction (SBME) 
involved tumbling of such sorbent-filled membrane bars within sample solutions, and has been reported 
for extractions of commonly prescribed pharmaceuticals such as ketoprofen, ibuprofen, carbamazepine 
and diclofenac [68]. However, because closed-packed sorbents are involved in SBME, the technique is 
more closely related to in-tube SPME [69] rather than μ-SPE where loose, powdered sorbents are used 
for extraction. 
 
μ-SPE involving the above-mentioned sorbents or their mixtures, have since been extended to 
extractions of estrogens in ovarian cyst fluids [63] and aldehydes in rainwater [64] and are noteworthy for 
the demonstrated use of analyte (chemical) derivatization in-conjunction with μ-SPE. The technique has 
even been employed for extractions of carbamates [65], and mixtures of organochlorine pesticides 
(OCP) and polychlorinated biphenyls (PCB) [66] from remains of semi-solid samples post microwave-
assisted digestion, thereby demonstrating its versatility. 
 
More recent studies, building on the earlier works, have explored sorbents assembled from alternative or 
even novel macromolecular scaffolds with the eventual objective generally being to improve key μ-SPE 
parameters of EF and Rr. Bagheri et al [70] compared conductive polymers in the form of polymerized 
pyrroles and anilines, as sorbents for μ-SPE of triazines herbicides from aquatic media. Separately, 
Lee’s group reported on the use of zeolite imidazolate frameworks [71, 72] and sulfonated graphene 
sheets [73] as sorbents for μ-SPE of polyaromatic hydrocarbons (PAH) from environmental water 
samples. Other contemporary reports, included the use of copper (II) isonicotinate co-ordinations 
polymers for μ-SPE of polybrominated diphenyl ethers (PBDE) [74] and the use of hydrazone-based 
ligands, immobilized on a sol gel matrix for μ-SPE of dansyl chloride derivatized biogenic amines in 
orange juice [75]. 
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Conceivably, the variety of potential sorbents that can be offered by these recent approaches can be 
immense given the wide range of sorbent preparation methods available today. However, this can also 
present challenges with regards to finding a convenient or suitable starting point for sorbent selection 
and development.  
 
Despite these efforts, only a few studies notably that of Basheer et al (Pg 17, [62]) and Huang et al [76], 
have explored μ-SPE of PAI in some detail. In the latter’s study, μ-SPE of sulfonamides from food 
samples using sorbents based on co-polymers of methacrylic acid and ethylene glycol dimethacrylate 
and designed using orthogonal array optimization experiments was pursued. Accordingly, the former’s 
work [62] was considered in-depth and adopted as the starting point for constructing the scope of this 
present study. 
 
1.6 THESIS SCOPE AND OBJECTIVE 
 
In the seminary work by Basheer et al [62] on μ-SPE of acidic analgesics, ODS was found superior to 
several other commercially available sorbents. Therefore, the primary objective of this work, is to identify 
potential sorbents based on commercially available scaffolds e.g. silica gel [77], poly(divinylbenzene) 
copolymers (PDVB) [78], that could improve μ-SPE performance to beyond what could be achieved by 
ODS.  
 
The preference for using sorbents based on commercially available sorbent scaffolds in spite of the 
popularity of de-novo scaffolds, stems from such sorbents often being readily available in analytical 
grade purity, and enjoying the added advantage of having been previously engineered to display large 
surface areas of up to 1000 m2/g [77, 79]. Sorbents tethered with a wide variety of organic functional 
groups are also readily available and reduced the need for in-house preparations. Should the need for 
novel organic moieties be required, chemical derivatization of surface displayed functional groups in 
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existing sorbents [77, 80] may be carried out. This enabled the inherent surface area of precursor 
sorbents to be transferred into the newly presented sorbents that would thence, possess the twin 
attributes of a high surface area for sorption, and the existence of organic moieties with enhanced 
analyte binding capabilities.  
 
Silica gel scaffolds were particularly preferred over several other commercially available scaffolds 
notably, macro-recticular co-polymers of divinylbenzene for preparing sorbents. This stems from its 
ready availability and a high surface area of 500m2/g [77]. Also, compared to PDVB-based scaffolds, 
silica gel surfaces are highly amenable to thorough, and reliable chemical functionalization using facile 
and well-established chemical reactions. Hence, it is well suited for the proposed analytical applications 
[77-80]. Most importantly, silica gel-based sorbents are “non-sticky” towards the membrane envelope 
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In order to achieve the stated objective of the thesis (Pg 20) i.e. to identify and select surface modified 
silica gel that are able to achieve EF and Rr beyond what is possible with ODS for μ-SPE of selected 
PAI, sorbents with covalently bonded, polar functional groups were considered while the quarternary salt 
of Amitriptyline (Ami), Carbamazepine (Cbz), Ketoprofen (Ket) and Diclofenac (Dfn) were selected as 



















 Fig 2-1. Chemical structures of investigated analytes. 
Chapter 2. Methodology 
 27#
All 4 compounds have been detected in effluent streams of domestic wastewater treatment plants [1-5], 
indicating that their removal from influent streams has been incomplete. Ami and Cbz represented 
surface active, psychoactive pharmaceuticals typically prescribed for treatment of depression and 
epilepsy respectively. Given the increasing incidence of mental ailments worldwide with depression 
expected to be the second most common ailment by 2020 [6], the choice is highly appropriate. Ket and 
Dfn represented acidic pharmaceuticals and non-steroidal anti-inflammatory drugs. Their high incidence 
of prescription and usage has resulted in them being a prominent target of contemporary environmental 
analytical (aqueous) chemistry. Dfn together with Cbz, are notorious for being ominously difficult to 
remove from wastewater treatment plant influents [7].  
 
Sorption of polar compounds that would include most PAI, could be possibly favored by the presence of 
polar functional groups on sorbent surfaces. This conceivably created the potential for achieving higher 
EF and Rr during μ-SPE. Although ODS was previously found to have afforded higher extractions of 
acidic analgesics compared to the highly polar HayeSep B sorbents, this does not indicate that the 
analytes are better extracted by lipophilic sorbents because, HayeSep B and ODS are assembled from 
distinct sorbent scaffolds and therefore, differences in extraction outcomes cannot be ascribed to the 
nature of grafted functional groups alone. 
 
Accordingly, the replacement of C18 molecular brushes on ODS with polar functional groups in the form 































The choice of amino groups was motivated by its established use in conventional membrane extraction 
[8, 9] and hydrophilic interaction liquid chromatography (HILIC, [10]), for enhancing the extraction of 
polar compounds. However, the presence of basic and nucleophilic lone pairs of electrons on nitrogen, 
Fig 2-2. Surface modified silica gel employed in this work (clockwise from top left); commercial 
C18-silica gel (ODS), amino grafted silica gel (APS), zwitterion grafted silica gel (ZIPS) and ureido 
grafted silica gel (UPS). 
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meant that the associated sorbent surfaces could possibly be liable to reactions with matrix components 
and possibly, extracted analytes themselves.  
 
Therefore, silica gel sorbents with surface-displayed ureido and zwitterionic functional groups are 
advantageous in this regard. They possess hydrogen bond acceptor as well as donor motifs (for ureido-
grafted silica gel) on their surfaces, but are neutral and non-nucleophilic. Sorption of polar analytes 
including PAI by such motifs, have been demonstrated [10, 11], and they have less likelihood for 
reactions with matrix components and extracted PAI, compared to amino-modified silica gel sorbents.  
 
Incidentally, a recent study reported that the presence of covalently grafted zwitterionic motifs on silica 
surfaces, had minimized the susceptibility of the resulting surfaces towards random and uncontrolled 
sorption of proteins in aqueous environments (Fig 2-3, [12]). Similar sorption of humic and fulvic acids 
(both known to be oligo- to polymeric molecules (OPM) of varying surface activity) onto sorbent surfaces, 
is a likely source of matrix interference during SPE [13,14] of environmental water samples, as they can 
bring about competitive depletion of sorbent binding sites. Therefore, silica gel sorbents bearing surface 
displayed zwitterions are of interest for increasing both EF and Rr during μ-SPE of PAI from 






































Fig 2-3. Illustration of the repellent properties of zwitterated silica surfaces towards protein 
(P) sorption. (Top) Protein sorption is facilitated by the release of counterions and the 
formation of ion-pairs between the sorbent and sorbate. (Bottom) Neutral surfaces e.g. 
zwitterated or PEGylated do not possess exchangeable surface ions. Hence, the binding of 
proteins to these surfaces does not trigger an increase in entropy because extensive release 
of counterions into the surroundings does not occur. Therefore, protein binding is 
discouraged. Reproduced with permission from [12]. 
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2.2 PREPARATION OF SORBENTS 
 
Chemical modification of silica gel surfaces by bifunctional silane coupling reagents was preferred in this 
work, for preparing the required sorbents as they reacted with silica gel surfaces through well-
established and facile reactions that required only simple and inexpensive laboratory wares.  
 
Upon exposure to moisture, alkoxysilyl functional groups on silane coupling reagents readily undergo 
chemical ligation with silanol functional groups on silica surfaces [15, 16], producing covalently grafted 
organic motifs when the appropriate experimental conditions are employed. For preparing silica gel with 
surface-displayed amino groups (APS), the slurry method of Gandini et al [17] is employed. This involved 
rapid stirring of 3-aminopropyltriethoxysilane (APTES), with powdered silica gel in aqueous ethanol 
under ambient conditions (Fig 2-4). APS is recovered by filtration and is ready for use after drying in a 
vacuum oven. This particular procedure is based on the well-known reaction between APTES and silanol 
groups on silica surfaces [15, 16], and was adopted because of its simplicity and its ability to silanize 








































Fig 2-4.  Preparation of APS sorbents through reaction between silica gel and 3-am
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Surface modified silica gel with surface-displayed ureido groups (UPS), was prepared using the 
procedure of Bickers et al [11] with minor modifications. The chemical ligation between silica gel 
surfaces and 3-ureidopropyltrimethoxysilane (UPTMS) coupling reagent involved a slightly different 
pathway from that of APS preparation. Ethanol containing dispersed silica gel (powder) and UPTMS was 
evaporated and brought about sorption of UPTMS onto silica gel surfaces. Addition of toluene followed 

















































Fig 2-5. Proposed schem
atic of UPS preparation. (I) Dispersion of UPTM
S and silica gel in ethanol (II) Evaporation induced sorption of UPTM
S 
onto silica gel surfaces (III) Hydrolysis of trim
ethoxysilyl groups on UPTM
S by m
onolayer of water on silica gel surfaces followed by physical 
sorption of hydrolyzed UPTM
S on silica gel surfaces (IV) Form
ation of urea decorated silica gel (UPS)  
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Preparation of silica gel sorbents with surface-displayed zwitterions (ZPS), would have involved a 2-step 
reaction involving first, the surface modification of silica gel surfaces with N,N-
dimethylaminopropyltrimethoxysilane, followed by a ring opening reaction between 1,3-propane sultone 
(PS) and covalently grafted N,N-dimethylamino motifs. However, as the required surface modified silica 
gel sorbent was commercially available, the preparation procedure could be simplified into a single step 
involving just zwitterion formation (Fig 2-6). Briefly, N,N-dimethylaminopropyl grafted silica gel sorbents 
were dispersed into acetonitrile containing dissolved PS and refluxed for 72 hours. ZIPS was recovered 
by filtration and dried in a vacuum oven.  
 
The formation of zwitterions from ring opening reactions between PS and tertiary amino functional 
groups has been extensively employed in the industrial and laboratory production of zwitterionic 
surfactants [19, 20]. The ring-opening reaction conditions reported by Gan et al [21] that involved 
zwitteration of pyridine-type nitrogens in imidazole, were adapted for preparing ZPS in this work given 








































Fig 2-6.  Grafting from
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2.3 CHARACTERIZATION OF SORBENTS 
 
The strategies employed to fulfill the objectives of this work, are highly dependent on the presence of the 
select functional groups (Fig 2-2) that are covalently bonded to silica gel (sorbent) surfaces. Their 
accessibility to donor phase while being enclosed within hydrophobic membrane bags, was 
hypothesized as being able to influence EF during extraction. Therefore, it is necessary to establish the 
presence of the required organic moieties and their loadings, and to be able to estimate the relative 
exposure of sorbents to samples during μ-SPE. Elemental analyses, thermogravimetric analyses (TGA) 
and comparisons of equilibrium water content (EWC) were used for characterizing the prepared 
sorbents. 
 
2.3.1 ELEMENTAL ANALYSES 
 
All 3 sorbent preparation methods employed in this work, resulted in the introduction of hetero atoms that 
are not originally present, onto the surfaces of the finished sorbents secured by a covalent bonds. 
Therefore, the extent of covalent grafting or surface modification, can be easily followed in the case of 
APS and UPS by nitrogen (N) elemental analyses, and in the case of ZPS, by a combination of N and 




Preparation of APS and UPS, involved introducing organic moieties onto silica gel surfaces. To be useful 
for extracting analytes from donor phase during μ-SPE,  organic moieties that are covalently bonded 
onto silica gel surfaces is required. The presence of such moieties can be ascertained with TGA [23].  
 
 




The concept of EWC, originally employed for estimating water-uptake by polymeric hydrogels [24, 25], 
was used for estimating donor phase permeation into membrane bags during μ-SPE. It is reasoned that 
the permeation of bulk donor phase into membrane bags during μ-SPE, resembled aspects of the 
swelling of polymeric hydrogels by water.  
 
In polymeric hydrogels, water-uptake is induced by the presence of polar pendants and linkages that are 
covalently grafted onto the otherwise hydrophobic polymeric backbones, through osmotic mechanisms. 
In the absence of such pendants and linkages, the hydrocarbon matrix does not swell significantly upon 
immersion in an aqueous solution due to limited uptake of water. 
 
Similarly, the increase in mass is negligible when dry membrane bags that do not contain sorbents are 
immersed in water. The increase in mass when membrane bags containing lipophilic ODS are immersed 
in water, is no more than 5% of its dry mass. This is due to the very limited water-uptake (if any) by these 
bags (akin to hydrophobic polymeric backbones) and the enclosed sorbents. Therefore, when the polar 
sorbents APS, UPS and ZIPS are enclosed within the membrane bags, the enclosed sorbents are akin 
to polar pendants in hydrophobic polymeric backbones, and could increase permeation of donor phase 
into membrane bags during μ-SPE because of their relatively hydrophilic nature. This would expectedly, 
be accompanied by swelling of the respective membrane bags and can be verified by comparing EWC 
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2.4 EVALUATION OF μ-SPE PERFORMANCE (EF and Rr) 
 
2.4.1 EVALUATION OF EF 
 
In line with reported studies of μ-SPE [26-31], non-optimized EF values at several extraction times, were 
first collated for all candidate sorbents. From this initial screening procedure, promising sorbents were 
identified and their optimized EF was determined from further optimization studies involving the selected 
sorbent, sample pH, desorption time and volume of desorption solvent.  
 
In a departure from earlier studies however, a fixed stirring rate of 700rpm, paired with a sample volume 
of 50mL was employed in this work. This particular combination enabled the formation of a stable, semi-
permanent feature in stirred sample solutions whereby sorbent containing membrane bags, were largely 
localized at the tip of liquid vortices but without contacting the rapidly rotating magnetic stir bar 
throughout the extraction. This prevented collisions between the μ-SPE device and the magnetic stir bar, 
which can potentially degrade μ-SPE devices whilst enabling the device to come into contact with the 
entire sample solution through the liquid vortex. Therefore, semi-controlled displacement of μ-SPE 
devices was involved during extraction as opposed to freely tumbling devices reported in earlier studies 
[26-31]. Stirring speeds above 700rpm lead to uncontrolled tumbling of μ-SPE devices and magnetic 
stirring bars and could physically damage μ-SPE devices because of frequent collisions with stirring bars 
and with the sample vial itself. Similar observations were noted as sample volume was decreased from 
50mL while stirring speed was maintained at 700rpm. 
 
Also, a sample pH of < 2 was preferred in this work because, humic acids are reportedly [13, 14] 
precipitated from solution when pH < 2, together with any associated matrix interferences. However, the 
choice of sample pH can only be implemented and utilized in subsequent optimization studies, provided 
EF is not adversely impacted by this choice. 
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2.4.2 Rr  
 
Successful completion of the above-mentioned optimization studies (2.4.1) would accordingly, have 
culminated in a suitably optimized μ-SPE method for which a method calibration plot can be readily 
constructed, and its limits of detection (LOD) and quantification (LOQ) established. The as-derived μ-
SPE method can be used to determined Rr upon application of Eq 1 (Pg 15). 
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3.1 CHEMICALS AND MATERIALS 
 
3.1.1 ANALYTE STANDARDS 
 
Amitryptyline hydrochloride (Ami) 99% (CAS No: 549-18-8), Carbamazepine (Cbz) 99% (CAS No: 298-
46-4), Ketoprofen (Ket) ≥ 98% (CAS No: 22071-15-4), and Diclofenac Sodium salt (Dfn) 98% (CAS No: 
15307-79-6) were purchased from Sigma-Aldrich (WI, USA). Individual analytes were dissolved in 
methanol to afford methanolic stock solutions of 100 mg/L concentration that were stored at 2oC and 
constantly protected from light by wrapping in aluminium foil when not in use. 
 
3.1.2 SOLVENTS AND pH MODIFIERS FOR CHROMATOGRAPHY 
 
Ultrapure water was prepared on a Milli-Q (MA, USA) system. Sodium hydroxide pellets ≥ 99.7% (1310-
73-2), glacial acetic acid ≥ 99.7% (64-19-7) and concentrated sulphuric acid 95-98% (7664-93-9) were 
purchased from BDH Lab Supplies (Poole, UK). HPLC grade methanol ≥99.9% (CAS No: 67-56-1) was 




Q3/2 Accurel 2E HF (R/P) polypropylene sheet membranes (157μm thickness, 0.2μm pore size) for 
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3.1.4 SORBENTS AND REAGENTS FOR THEIR SURFACE MODIFICATION 
 
C18-silica gel sorbents were purchased from Alltech (IL, USA). N,N-dimethylaminopropyl decorated 
silica gel with N-loading of 1.2mmol/g was purchased from Sigma Aldrich. To prepare surface modified 
silica gel sorbents, high purity silica gel with 60Å pores and 43-60μm pore radii (CAS No: 112926-00-8) 
was purchased from Sigma Aldrich and washed by shaking with 1M H2SO4 followed by ultrapure water, 
before overnight drying at 150oC in a convection oven. 
 
Bifunctional silane coupling reagents for chemical modification of silica gel surfaces: 3-
Aminopropyltriethoxysilane 99% (CAS No: 919-30-2) was purchased from Sigma Aldrich and 3-
Ureidopropyltrimethoxysilane ≥ 98% (CAS No: 23843-64-3) was purchased from TCI (Tokyo, Japan).  
 
Other chemical reagents and solvents required for sorbent preparation and modification were purchased 
from Sigma Aldrich and included 1,3-propanesultone ≥ 99% (CAS No: 1120-71-4), triethylamine ≥ 99% 
(CAS No: 121-44-8), absolute ethanol ≥99.5% (CAS No: 64-17-5) and ACS reagent grade Toluene ≥ 
99.9% (CAS No: 108-88-3). 
 
3.2 METHOD DEVELOPMENT 
 
3.2.1 PREPARATION OF SPIKED WATER SAMPLES 
 
Unless otherwise stated, analytical methods were developed using spiked water samples. For preparing 
spiked water samples, methanolic stock solutions of individual analytes were diluted with water, to a 
concentration of 40μg/L and adjusted to the required pH as determined with a pH meter. 
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3.2.2 PREPARATION OF SPIKED ENVIRONMENTAL WATER SAMPLES 
 
For studies of relative recovery, genuine environmental water samples in which Ami, Cbz, Ket and Dfn 
were not detected with any of the μ-SPE methods explored in this work, were spiked with 10μg/L of 
analytes and adjusted to the required pH using 1M H2SO4 just before microextraction and analysis. The 
required environmental water samples were collected from a local reservoir. Samples were collected 
without headspace, in screw-capped glass reagent bottles that were previously washed with acetone 
and dried at 120oC overnight in a convection oven. The bottles were protected from light by wrapping in 
aluminium foil and transported under cool conditions to the laboratory for storage at 2oC. The 
environmental water samples just before microextraction and analysis. 
 
3.2.3 μ-SPE  
 
Extraction of spiked analytes from aqueous solutions was performed with a μ-SPE device that was 
prepared in the laboratory, and consisted of a membrane pouch containing 20(± 0.05)mg of loose, 
powdered sorbent.  
 
Each device was conditioned by sonication in water, followed by methanol for 5min each, and blotted dry 
with lint-free tissue paper before use. For extraction, 50mL of aqueous sample were pipetted into 50mL 
glass reagent bottles containing rod-shaped magnetic stirring bars (20 X 6mm) and adjusted to the 
required pH. Extraction was performed at room temperature at a stirring speed of 700rpm.  
 
After extraction, the device was recovered with plastic forceps, rinsed in ultrapure water and blotted dry 
with lint-free tissue paper.  Extracted analytes were eluted, by rinsing the device with 100μL of methanol 
in a micro-centrifuge tube of 500μL capacity and equipped with snapped-caps, using a vortex mixer. The 
washings together with eluted analytes contained therein, were transferred into a sample vial and used 
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directly for LC analysis. For analyses of Ami, Cbz, Ket and Dfn, 100μL was injected in the final analytical 
method. Each μ-SPE device could be re-used for at least 20 times upon ultrasonication (5min) in 
methanol. 
 
3.2.4 LIQUID CHROMATOGRAPHY (LC) 
 
Separation and analyses of Ami, Cbz, Ket and Dfn was performed on a reversed-phase Inertsil® ODS 
column (4.6 X 150mm, 5μm particles size) from GL Sciences Inc (Tokyo, Japan) thermostatted at 30oC 
and with a mobile phase flow rate of 1.0mL/min AND UV detection at 254nm. Isocratic separation was 
employed and a mobile phase that consisted of 75% methanol and 25% of 2% (v/v) acetic acid was 
used. 
 
3.3 μ-SPE DEVICES  
 
3.3.1 DEVICE PREPARATION 
 
To prepare μ-SPE devices containing ODS APS and UPS, a piece of polypropylene sheet membrane 
was cut into rectangular sheets measuring 1.8cm by 1.6cm. The longer edge was folded over to a width 
of 0.9cm. The edge of the fold-over flap was heat-sealed with an electrical sealer. One of the two 
remaining open ends was similarly heat-sealed to create an envelope. 20 (± 0.05)mg of sorbent were 
packed into each envelope with a micro-spatula via the last open end that was then heat-sealed to afford 
a μ-SPE device. 
 
To assemble devices containing zwitterionic silica gel (ZIPS), a more convenient method was applied: A 
square piece of polypropylene sheet membrane measuring 1.6 by 1.6cm was first excised. One edge 
was folded over to a width of 0.8cm and a μ-SPE device was assembled as described earlier. 
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3.3.2 PREPARATION OF SURFACE MODIFIED SORBENTS  
 
3.3.2.1 PREPARATION OF APS [1, 2] 
 
Silica gel (2.00g) was dispersed into 50mL of aqueous ethanol containing up to 80% (v/v) of ethanol by 
30min of rapid magnetic stirring in a septum stoppered round bottom flask. 2.5mL of 3-
aminopropyltriethoxysilane was injected into the stirred solution with a polypropylene syringe through the 
septum. The reacting mixture was magnetically stirred for 3 hours at room temperature and immediately 
filtered by vacuum suction through Whatman (Kent, UK) No. 1 filter paper. The residue was washed just 
once, with 20mL of cold ethanol and incubated in a convection oven at 150oC for 2 hours to afford APS.   
 
3.3.2.2 PREPARATION OF UPS [3] 
 
Silica gel (3.00g) was dispersed into 30mL of absolute ethanol containing 17μL of triethylamine and 
1.8mL (7.8mmol) of 3-ureidopropyltrimethoxysilane. Ethanol was removed in-vacuo and 30mL of toluene 
was added in one portion to the resulting mixture that was refluxed at 130oC for 24 hours. UPS was 
filtered by vacuum suction through Whatman (Kent, UK) No. 1 filter paper and the residue washed with 
30mL of ethanol and incubated in a convection oven at 150oC for 2 hours.  
 
3.3.2.3 PREPARATION OF ZIPS [4] 
 
To prepare ZIPS, commercially available 3-(N,N-dimethyl)aminopropyl silica gel (3g) with a N-loading of 
1.2mmol/g was dispersed in acetonitrile (30mL) and refluxed with 1,3-propane sultone at 120oC for 72 
hours under a blanket of dry N2 gas. ZIPS was recovered by vacuum filtration, washed with 50mL of 
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acetonirile and dried in a vacuum oven at 50oC for 24 hours. The extent of surface modification in ZIPS 
was determined by N and S elemental analyses in ZIPS. 
 
3.3.3 CHARACTERIZATION OF SORBENTS AND SORBENT-CONTAINING DEVICES 
 
3.3.3.1 N, S ELEMENTAL ANALYSES 
 
Elemental analyses were performed with a Elementar Vario (Hanau, Germany) Micro Cube analyzer in a 
largely automated process. Sorbent samples were heated quickly to a maximum of 1200°C in a jet of 
oxygen. Nitrogen and sulphur content in the samples were converted into their individual oxides that 
were thence separated in a TPD (Temperature Programmed Desorption) column, and quantified rapidly 
and simultaneously to reveal the original levels of N and S respectively.   
 
3.3.3.2 THERMOGRAVIMETRIC ANALYSES (TGA [5]) 
 
TGA was performed with a TA 2960 (New Castle, DE, USA) instrument over the temperature range of 30 
to 800oC at a heating rate of 10oC /min in a N2 atmosphere. Data processing was performed using TA 
Universal Analysis version 3.4 software. 
 
3.3.3.3 DETERMINATION OF EQUILIBRIUM WATER CONTENT (EWC [6, 7]) 
 
Membrane bags containing specified masses of sorbents were stored in a dessicator for a week and 
their dried weight determined (WD). The bags were stirred in 50mL of aqueous sulphuric acid at pH 2 for 
60min at ambient temperature and recovered. Surface moisture was removed using tissue paper and the 
wet weight (WW) determined. EWC of the bags were calculated using the following equation: 
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4.1 PREPARATION OF SORBENTS 
 
4.1.1 PREPARATION OF APS AND UPS 
 
Amino moieties were found grafted to an extent of 1.89mmolg-1 on APS. The extent of grafting compared 
favorably with loadings of 0.5 to 1.4mmolg-1 for similarly prepared silica-based materials [1]. Ureido 
moieties were found grafted to an extent of 1.3mmolg-1 on UPS sorbents and compared favorably with 
loadings of 0.91 to 1.84 mmolg-1 that were reported by Bicker et al [2]. 
 
Additional evidence for the presence of covalently grafted moieties was provided by TGA. The 
decomposition profile of as-prepared APS and UPS (Fig 4-1), was similar to previously reported profiles 
by Jaroneic et al [3] where two weight loss profiles could be discerned at temperatures above 200oC. 
According to these workers [3], the presence of covalently bonded organic functional groups was 
indicated by weight loss, following temperature increments from 400 to 600oC during TGA. The marginal 
weight loss from 200 to 400oC arose from the loss of water eliminated during crosslinking reactions 
between silanol groups on neighboring aminopropyl ligands, and between these and residual silanols 
groups on silica surfaces. For APS, the minimal weight loss over this temperature therefore, indicated 







































etric analysis of silica gel (Sil) and surface m
odified silica gel sorbents: ODS, APS and UPS 
Chapter 4. Results and Discussion 
 53#
 
For TGA of UPS however, weight loss was also observed when temperature was raised from 200 to 
400oC. This indicated the presence of un-reacted silanol groups on UPS surfaces that had undergone 
cross-linking reactions between themselves and with un-reacted silicic acid groups on neighboring 
ureidopropyl ligands on UPS surfaces following the indicated increase in temperature. The presence of 
un-reacted silanols can in the form of an “internal masking” mechanism [4], deplete a portion of the polar 
protic interactions emanated from grafted ureido groups that might otherwise be utilized for analyte 
capture. 
 
4.1.2 PREPARATION OF ZIPS 
 
Zwitterion motifs were covalently grafted onto silica gel surfaces using a grafting-from approach to form 
ZIPS. This involved sequential chemical transformation of pre-existing tertiary amino functional groups 
on silica gel surfaces until the required zwitterion motif is formed (Fig 2-6). The grafting-from approach 
was adopted in this work because the commercial availability of N,N-dimethylaminopropyl decorated 
silica gel, meant that only a single-step reaction involving the nucleophilic ring opening of 1,3-propane 
sultone by surface displayed tertiary amino groups, was required for preparing ZIPS. 
 
Nitrogen and sulphur elemental analyses of as-prepared ZIPS indicated that zwitterion motifs were 
incorporated to an extent of 1.14mmolg-1 (or 2.28μmolm-2). This compared favorably with loadings of 
1.25μmolm-2 reported by Estephan et al [5, 6] for the zwitterated silica surfaces employed in their work, 
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4.2 EWC  
 
Fig 4-2 indicated that individual μ-SPE devices containing APS, UPS or ZIPS, had higher EWC than 
devices containing ODS sorbents. This demonstrated that replacing ODS with the earlier mentioned 
polar sorbents resulted in increased donor phase permeation into the corresponding μ-SPE devices. The 
polar and possibly, hydrophilic character of sorption surfaces on APS, UPS and ZIPS as compared to the 
lipophilic surfaces of ODS, possibly accounted for the increased influx of donor phase into the device.  
For ZIPS containing devices however, the extent of donor phase permeation was found to be slightly 
lower than that of APS- and UPS- containing devices and possibly indicated that ZIPS surfaces were 

















Fig 4-2. Comparison of EWC for (left to right) ZIPS, UPS, ODS and APS for μ-SPE of Ami, Cbz, Ket and Dfn. 
μ-SPE conditions: extraction time of 60 min, sample pH adjusted to 1.69, sample volume of 50 mL and stirring 
speed of 700 rpm. 
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4.3 COMPARISON OF SORBENTS 
 
Initial EFs for all 4 analytes during μ-SPE with ZIPS, UPS, APS and ODS sorbents were collated at 
various extraction times from 15 to 60min. ZIPS, UPS and APS sorbents gave higher EF values for all 4 
analytes compared to ODS during extraction (Fig 4-3). One possible reason for this, could be related to 
the increased exposure of ZIPS, UPS and APS to donor phase during μ-SPE as suggested by their EWC 
values as detailed earlier. 
 
EF values are generally comparable for both UPS and APS based μ-SPE. For UPS, the highest increase 
in EF during μ-SPE occurred as extraction time was increased from 15 to 30min. EF continued to 
increase but at a reduced rate as extraction time was prolonged further to 60min. This contrasted with 
APS based μ-SPE where an EF maximum was observed at an extraction time of 45min. EFs for ZIPS-
based μ-SPE were initially lower than those based on UPS and APS. However, they were comparable 
with those of UPS and APS when extraction time was extended to 60min because EFs for ZIPS-based 
μ-SPE, generally increases with extraction time. 
 
Therefore, the absence of distinctly basic and nucleophilic features on UPS and ZIPS are actually 
advantageous, and only optimized EFs (for the 4 selected analytes) that accompanied the use of UPS 
and ZIPS sorbents were determined as proposed in chapter 2. Optimized EFs were obtained at an 
extraction time of 60min because EF values for all 4 analytes either exceeded or were comparable to 
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4.4 SUGGESTED SORPTION OF EXTRACTED ANALYTES BY UPS AND ZIPS 
 
Urea functional groups are highly polar, but neutral and non-nucleophilic. Therefore, urea moieties on 
UPS surfaces are expected to remain unchanged under the acidic conditions (pH<2) of the extraction 
because of the absence of basic molecular features although, hydrogen bond donor sites on tethered 
urea groups, are now more likely to dominate any non-covalent interactions involving such moieties [7]. 
Therefore, sorption of extracted analytes by UPS surfaces most likely involved formation of hydrogen 
bonds by amido hydrogens towards oxo, chloro and benzene moieties [8,9] on extracted analytes (Fig 4-
4). However, more in-depth studies will be required before a mechanistic interpretation can be formed.  
This is even more the case for ZIPS, because of a general lack of understanding of sorption 















Fig 4-4. Proposed hydrogen bond donation from amido hydrogens on UPS surfaces 
(bottom) and hydrogen bond acceptor motifs (top, indicated with boxes) on (left to right) 
Ami, Cbz, Ket and Dfn. 
Chapter 4. Results and Discussion 
 58#
4.5 OPTIMIZATION STUDIES FOR UPS-BASED μ-SPE 
 
4.5.1 SAMPLE PH 
 
Fig 4-5 indicated that EFs for Cbz, Ket and Dfn were not adversely affected when μ-SPE was carried out 
at pH 1.69 compared to other pH values. However, a decrease in EF for Ami occurred compared to 

















This is because Ami is more favorably extracted at alkaline pH where it existed as an uncharged 
molecule [10] with both H-bond donor and acceptor molecular features. Also, the removal of the positive 
charge at alkaline pH possibly enabled the Ami base, to encounter less repulsion from H-bond donor 
Fig 4-5.  Effect of sample pH on EF during UPS based μ-SPE. μ-SPE conditions: extraction time 
30 min, desorption time 2 min with methanol (200 μL) as desorption solvent, sample volume 50 mL 
and stirring speed 700 rpm. 
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sites bearing partial positive charges when approaching UPS surfaces leading to increased sorption and 
extraction. Therefore, one possible drawback of conducting subsequent extractions at pH < 2 is that 
underestimation of EF for Ami occurred. Nevertheless, this is still preferred over conducting extractions 
at alkaline pH as this would result in decreased EF for both Ket and Dfn. Therefore, optimized EFs 
during UPS-based μ-SPE were obtained at a pH of 1.69. 
 
4.5.2 DESORPTION TIME 
 
A sample pH of 1.69 during μ-SPE, resulted in Cbz, Ket and Dfn being extracted as uncharged 
molecules while Ami was extracted in as its charged quarternary salt [10]. Methanol readily dissolves all 
4 analytes and was used for eluting extracted analytes from μ-SPE devices. Fig 4-6 indicated that 
extracted analytes were generally eluted after 1min (desorption time) of mechanical agitation with 200μL 
of methanol since longer desorption time gave only slightly increased EF. In the interest of saving 






























4.5.3 VOLUME OF DESORPTION SOLVENT 
 
Unlike HF-LPME where an acceptor phase can be transferred directly and entirely into an analytical 
system after analytes are extracted [11, 12], μ-SPE required extracted analytes to be eluted into a 
volume of solvent after extraction before the resulting eluate can be introduced into the selected 
analytical system [13-18]. Consequently, the actual EF achieved during the extraction procedure itself is 
indeterminate and the extent to which it may be conserved during elution is largely determined by the 
volume of desorption solvent used. 100μL of methanol was employed for elution in this work. Further 
reductions to this volume resulted in an inability to consistently detect extracted analytes in injected 
samples due to loss of sample as the eluted methanolic solution of analytes was transferred from the 
micro-centrifuge tube to the LC sample vial.  
Fig 4-6. Effect of desorption time on EF during UPS based μ-SPE. μ-SPE conditions: extraction time 30 
min, pH adjusted to 1.69, methanol (200 μL) as desorption solvent, sample volume of 50 mL and 
stirring speed 700 rpm. 
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4.5.4 OPTIMAL EF AND COMPARISON WITH PREVIOUSLY REPORTED EF VALUES 
 
Optimal EFs for the 4 selected analytes during UPS based μ-SPE, were determined based on the 
parameters detailed in Table 4-1 (Bottom) and EFs of up to 92 (Ami), 57 (Cbz), 126 (ket) and 71 (Dfn) 
can be achieved. Except for extraction of Ami,  UPS based μ-SPE gave EF values that were generally 
higher than previously reported EF values for several static mode microextraction techniques including 
hollow- fiber LPME, that involved the use of membranes [19-23]. The exceptional instance of Ami, was 
due to the acidic conditions (pH<2) involved in the final, UPS based μ-SPE method (Table 4-1, lower left 
corner) that resulted in a lower EF for Ami (92), relative to that obtained with HF-LPME (313) and in-tube 



















































































          
Analyte Calculated EF Reported Microextraction Ref. 
 (UPS μ-SPE)
a EF  methods  
          
          
Ami  313 3-phase [19] 
   HF-LPME  
     
 92 265.9 Conventional [20] 
   SPME  
          
          
Cbz  44 Solid bar [21] 
 57  microextraction  
     
  39 2-phase [22] 
   HF-LPME  
          
          
Ket  84 2-phase [22] 
   HF-LPME  
     
 126 96 3-phase [22] 
   HF-LPME  
     
  32 Electromembrane [23] 
   extraction  
          
          
Dfn  55 Solid bar [21] 
   microextraction  
 71    
  49 Electromembrane [23] 
   extraction  
          
a μ-SPE conditions: extraction time 60 min, desorption time of 1 min with methanol as 
desorption solvent, pH adjusted to 1.69, sample volume 50 mL, stirring speed 700 rpm 
b Hollow-Fiber-Liquid Phase Microextraction 
c Solid Phase Microextraction 
Table 4-1 
Comparison of EF data for UPS-based μ-SPE with SPME, and previously reported static 
mode membrane microextraction methods 
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4.6 OPTIMIZATION STUDIES FOR ZIPS-BASED μ-SPE 
 
 
4.6.1 SAMPLE PH  
 
Comparable and relatively constant EF values were observed for all 4 analytes during extraction at 















EF values for Cbz remained constant even as pH was increased into the alkaline region and possibly 
indicated that ionization of Cbz did not occur in the pH range studied. A sharp decrease in EFs occurred 
for Ket and Dfn above pH 7 indicating that ionized forms of the analytes are not well extracted by ZIPS, 
possibly due to repulsion between the negatively charged carboxylate salts of Ket and Dfn, and the 
corona of sulfonate motifs on ZIPS surfaces. EFs for Ami increased only slightly as pH was increased 
beyond 7 and indicated that the sorption of Ami and its de-protonated form onto ZIPS surfaces did not 
Fig 4-7. Effect of pH on analyte EF during μ-SPE using ZIPS sorbents. μ-SPE conditions: 
extraction time 60 min, desorption time of 2 min with methanol (200 μL) as desorption solvent, 
sample volume 50 mL, stirring speed 700 rpm. 
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differ significantly. As such, optimal EF for the selected analytes, can still be determined at the preferred 
pH of 1.69 (<2), as detailed earlier in this chapter. 
 
4.6.2 DESORPTION TIME 
 
As detailed earlier (section 4.5.2), a sample pH of 1.69 resulted in Cbz, Ket and Dfn and Ami being 
extracted as a mixture of uncharged (Cbz, Ket and Dfn) and cationic (Ami) species that are readily 
soluble in methanol during μ-SPE [10]. Fig 4-8 indicated that extracted analytes were generally eluted 
after 2min (desorption time) of mechanical agitation with 200μL of methanol since longer desorption time 
gave only slightly increased EF. In the interest of saving processing time, optimized EF were determined 


















 Fig 4-8. Effect of desorption time on analyte EF during μ-SPE using ZIPS sorbents. μ-SPE conditions: 
extraction time 60 min, with methanol (200 μL) as desorption solvent, sample pH adjusted to 1.69, 
sample volume 50 mL, stirring speed 700 rpm. 
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4.6.3 VOLUME OF DESORPTION SOLVENT 
 
Optimized EF during ZIPS based μ-SPE was determined using 100μL of methanol as desorption 
solvent. This is the smallest volume of methanol that could be reliably employed for desorption as 
detailed earlier in 4.5.3. 
 
4.6.4 OPTIMIZED EF AND COMPARISON WITH PREVIOUSLY REPORTED EF VALUES 
 
Optimal EFs for the selected analytes during ZIPS based μ-SPE, were determined based on the 
parameters detailed in Table 4-2 (bottom) and EFs of up to 84 (Ami), 47 (Cbz), 109 (ket) and 94 (Dfn) 
can be achieved and with relative standards deviations (RSDs) of less than 10%.   
 
EFs from ZIPS based μ-SPE are generally comparable with several previously reported values for static 
mode microextraction techniques [19-23] that involved membranes. The only exception was Ami. 
Deprotonation of Ami at higher pH leads to the formation of its lipophilic, basic tertiary amine which can 
be more readily extracted into a hydrophobic and basic acceptor phase accompanied by high EF values 
[19, 20]. High pH did not lead to increased sorption of Ami onto ZIPS surfaces (Fig 4-7). This could be 





































         
Analyte Calculated EF Reported Microextraction Ref. 
 (ZIPS μ-SPE)
a
 EF  methods  
         
     
Ami  313 3-phase [19] 
   HF-LPME  
     
 84 65 Conventional [20] 
   SPME  
     
  92 μ-SPE - 
   (UPS sorbents)  
         
     
Cbz  44 Solid bar [21] 
   microextraction  
     
 47 49 Electromembrane [22] 
   extraction  
     
  57 μ-SPE - 
   (UPS sorbents)  
         
     
Ket  84 2-phase [22] 
   HF-LPME  
     
  96 3-phase [22] 
   HF-LPME  
 109    
  32 Electromembrane [23] 
   extraction  
     
  126 μ-SPE - 
   (UPS sorbents)  
         
     
Dfn  55 Solid bar [21] 
   microextraction  
     
 94 49 Electromembrane [23] 
   extraction  
     
  71 μ-SPE - 
   (UPS sorbents)  
         
Table 4-2 
Comparison of EF data for ZIPS-based μ-SPE with SPME, and previously reported 
static mode membrane microextraction methods 
a μ-SPE conditions: extraction time 60 min, desorption time of 1 min with methanol as 
desorption solvent, pH adjusted to 1.69, sample volume 50 mL, stirring speed 700 rpm 
b Hollow-Fiber-Liquid Phase Microextraction 
c Solid Phase Microextraction 
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4.7 METHOD PERFORMANCE 
 
4.7.1 LIMITS OF DETECTION (LOD) AND QUANTIFICATION (LOQ) 
 
Upon completion of the above-mentioned optimization studies, both UPS and ZIPS afforded a linear 
response over a concentration range of 0 to 50μgL-1 during μ-SPE. The gradient of the calibration plots 
demonstrated that both μ-SPE methods were distinctly more sensitive towards Ket compared to Ami, 
Cbz and Dfn (Fig 4-9, 4-10). This indicated that Ket, possibly possess greater accessibility to sorbent 


















Fig 4-9. Method calibration plot for UPS-based μ-SPE 















Although LOD and LOQ values during UPS based μ-SPE (Table 4-3) are higher for Cbz and Dfn, they 
are lower for Ami and Ket compared to ZIPS based μ-SPE (Table 4-4).  
 
Both methods are hence, generally comparable. Also, in both μ-SPE methods, LOD and LOQ values 
overlapped the upper range of commonly reported concentrations (1-5 μg/L) in several environmental 
water samples [24-27] but exceeded the lower range (102 ng/L) because they are typically obtained 
using mass spectrometric detectors with much lower instrument LODs compared to the diode array 






Fig 4-10. Method calibration plot for ZIPS-based μ-SPE 




























      
  Linearity range Calibration Linearity     





            
      
Ami 0-50 y = 1.56x 0.991 0.66 2.21 
      
Cbz 0-50 y = 1.20x 0.992 2.36 7.88 
      
Ket 0-50 y = 5.21x 0.998 0.48 1.61 
      
Dfn 0-50 y = 1.58x 0.991 1.79 5.98 
            
      
            
  Linearity range Calibration Linearity     





            
            
Ami 0-50 y = 1.56x 0.989 1.81 6.03 
            
Cbz 0-50 y = 1.02x 0.998 1.16 3.88 
            
Ket 0-50 y = 5.33x 0.997 1.07 3.56 
            
Dfn 0-50 y = 1.49x 0.995 0.45 1.49 
            
            
μ-SPE conditions: extraction time 60 min, desorption time of 1 min with methanol (100 μL) 
as desorption solvent, sample pH adjusted to 1.69, sample volume 50 mL, stirring speed 
700 rpm. 
Table 4-3. Method performance for UPS-based μ-SPE 
Table 4-4. Method performance for ZIPS-based μ-SPE  
μ-SPE conditions: extraction time 60 min, desorption time of 2 min with methanol (100 μL) as 
desorption solvent, sample pH adjusted to 1.69, sample volume 50 mL, stirring speed 700 rpm. 
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4.7.2 RELATIVE RECOVERY 
 
Rr of 123% for Ami, 65.6% for Cbz, 71.2% for Ket and 66.5% for Dfn were obtained with UPS based μ-
SPE and accompanied by relative standard deviations (RSDs) of between 2.1 to 12.6%. The moderate 
Rr values indicated the incomplete exclusion of matrix effects during UPS-based μ-SPE. 
 
On the other hand, ZIPS based μ-SPE gave Rr of 105.7% for Ami, 94.4% for Cbz, 90.2% for Ket and 
77.1% for Dfn. RSDs were found to be in the range of between 2.4 and 11.2%, and indicated that matrix 
interference was generally excluded during ZIPS based μ-SPE.  
 
Given that the functional groups the functional groups displayed on UPS and ZIPS surfaces are both 
polar, and brought about increased permeation of donor phase and matrix components contained 
therein, it may be proposed that the recently reported non-fouling properties associated with zwitterated 
surfaces [5, 6], might have decreased competitive binding from matrix components during ZIPS based μ-
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5. CONCLUDING REMARKS 
 
The replacement of octadecyl molecular brushes on C18-silica gel sorbents (ODS) with the polar 
functional groups: 1-aminopropyl (APS), 1-ureidopropyl (UPS) and sulfopropylbetaine (ZIPS), enabled 
enrichment factors (EF) that exceeded those of ODS to be achieved during membrane-protected micro 
solid phase extraction (μ-SPE) of Carbamazepine (Cbz), Ketoprofen (Ket), Diclofenac (Dfn) and the 
quarternary salt of Amitriptyline (Ami). Furthermore, when ZIPS was used as sorbents, high EF was also 
accompanied by high relative recovery (Rr) during μ-SPE, thereby fulfilling the earlier stated objective of 
the thesis. 
 
The higher EF that accompanied the use of APS, UPS and ZIPS, was attributed to increased permeation 
of donor phase into sorbent-containing μ-SPE devices during extraction itself. In the case of ZIPS-based 
μ-SPE, the high Rr that accompanied high EF was ascribed to the recently reported resistance of 
zwitterated silica surfaces to fouling by surface-active proteins. This possibly discouraged sorption of 
humic and fulvic acids that are also, surface-active, oligomeric and polymeric substances. Accordingly, 
this could have decreased the ability of such substances to compete for binding sites on sorbent 
surfaces leading to higher Rr. 
 
Therefore, the use of zwitterated silica gel sorbents during μ-SPE, merits attention and to the best of our 
knowledge, also represented the first instance of zwitterated sorbents being employed for μ-SPE of 
pharmaceuticals from environmental water samples. This contribution has the potential of paving the 
way for more research into materials with non-fouling properties being employed as sorbents for 
analytical sample preparation. 
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6. SUGGESTIONS FOR FUTURE WORK 
 
Apart from endowing silica surfaces with non-fouling characteristics, the presence of covalently grafted 
zwitterionic functional groups has also been found to prevent agglomeration of silica nanoparticles in 
solution [1, 2]. This possibly enabled the high surface areas associated with these materials, to be made 
available for sorption- based applications including the extraction of analytes from solution.  
 
The combination of high surface area for sorption, coupled with non-fouling characteristics indicated that 
core-shell nanoparticles consisting of a magnetic mineral core [3], coated with a zwitterated silica “skin” 
could be attractive sorbent candidates for studies of dispersive micro solid phase extraction [4].  
 
This is especially since one of the drawbacks of dispersive micro solid phase extraction is that pre-
(micro)filtration of samples, is required for the handling of dirty water samples despite this particular 
technique being more amendable to automation than membrane protected solid phase extraction.  
 
Although the extent to which analyte binding onto zwitterated silica coating might be affected by matrix 
components in such samples remains unknown, its non-fouling characteristics offered the potential of 
reduced demands on sample filtration during dispersive micro solid phase extraction and merited further 
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